1. Introduction {#sec1}
===============

Materials with high specific capacitance are critical elements in the fabrication of electrodes for Electric Double Layer Capacitors (aka EDLCs or Supercapacitors) and Capacitive DeIonization (CDI) systems. Supercapacitors are needed when energy is to be stored and released very rapidly. They can manage a much higher power rates than chemical batteries and therefore, while they may have a limited storage capacity, are ideal for applications in which a sudden power surge is needed \[[@bib1], [@bib2]\]. Capacitive DeIonization (CDI) system, also has received a great deal of attention in recent years mostly for its application in desalination of brackish and saline water and also some water purifications like dye removals [@bib3]. The CDI has an adsorption mechanism similar to Electric Double Layer Capacitors (EDLCs) [@bib4].

Electrode performance in these applications not only depends on specific capacitance, but also on other factors such as high specific surface area, pore metrics, electrochemical cyclic stability, electrical conductivity, and materials fabrication cost of electrodes \[[@bib5], [@bib6], [@bib7], [@bib8]\]. Different porous carbon based materials are extensively used as the electrode in supercapacitors and CDI systems. Examples of such carbon materials are Activated Carbon (AC), Carbon Aerogels (CA), Carbon Nano Tubes (CNT), Carbon Nano Fibers (CNF) and Graphene \[[@bib2], [@bib4], [@bib5], [@bib6], [@bib9], [@bib10]\]. Among these, Carbon Aerogel is one of the most widely used material for electrodes because of its high mass-specific surface area, low resistivity, high electrical conductivity, environmental compatibility and chemical stability [@bib11]. Carbon gels are consistently prepared through a sol-gel polycondensation of Resorcinol with Formaldehyde by adding a catalyst. The main advantage of these carbon material is that its pore metrics can be modified by using an easy to implement sole-gel technique [@bib12].

Carbon gels are categorized based on the drying method used to extract water from the initial gel structure. The way water is extracted and the rate of extraction, play a vital role in the porosity volume, the type of the pores and specific surface area, and therefore the capacitance of the final product. Common drying methods are supercritical drying, freeze drying, and ambient pressure drying. The final dried gel obtained through each of these drying methods is, respectively, called Carbon Aerogel, Carbon Cryogel and Carbon Xerogel [@bib13]. Since Carbon Xerogel is dried in the ambient pressure and temperature, contrary to other two carbon gels, does not require specific and expensive drying equipment and therefore is much more economic. This reduction in cost comes at the expense of reduced porosity, specific surface area and the overall capacitance. The goal here, is to increase the quality of Carbon Xerogel (specifically the capacitance) while maintaining the simplicity and cost efficiency of the production process.

One of the most important factors in the synthesizing of the Carbon Xerogel is the type and amount of catalyst used in the production process \[[@bib14], [@bib15], [@bib16]\]. Carbon Xerogel is typically produced with the use of different catalysts such as Na~2~CO~3~, NaOH, Ca(OH~2~), K~2~CO~3~ and Acetic acid \[[@bib13], [@bib16]\]. It is to be noted that if these compounds act as the corrosive material that partially dissolves solid carbon-based composite (e.g. biomass) before the heat treatment process, they are typically called activating agents \[[@bib17], [@bib18]\]. Otherwise, if we use them as the precursor to adjust the solution acidity and facilitate the polymerization reaction, they are called catalysts, which is the case in this manuscript.

Here, we optimize the obtainable capacitance of prepared Carbon Xerogel catalyzed by NaOH. In order to do so, we study the effect of (i) pH of the initial Resorcinol-Formaldehyde-Catalyst (RFC) solution, (ii). Reactants to Liquid mass ratio (R/L), and (iii) Pyrolysis Temperature (PT) on the density and the capacitance of the final synthesized Carbon Xerogel. Capacitance is clearly one of the objectives, and density of the final gel is a measure of porosity and affects "scalability" of the final electrode: if porosity is higher, then ions will have a better accessibility to adsorption surfaces, and therefore we can make a thicker electrode with a higher ion adsorption capacity. To find the desired optimum Carbon Xerogel, we perform optimization on the three aforementioned parameters (pH, R/L, PT) through the Response Surface Methodology (RSM).

It is believed by some researchers that it is the final pH of the RFC solution (produced by the catalyst) that affects the capacitance of the synthesized electrode, and not the catalyst type and amount \[[@bib19], [@bib20]\]. Here, to investigate this issue, we consider two different catalysts (Na~2~CO~3~ and NaOH) to synthesize Carbon Xerogel and show that with the same pH of RFC solutions (keeping all other parameters the same), these two electrodes have difference capacitance values, and therefore the type of the catalyst is, in fact, important.

This article is consists of four following parts: the materials we used to synthesize our Carbon Xerogel samples and the method of synthesizing are provided in section [2](#sec2){ref-type="sec"}. We also introduce our methodology for optimization of the electrode properties in this section. The results of optimizations and the equations obtained from RSM are presented and discussed in section [3](#sec3){ref-type="sec"}. We conclude the paper in section [4](#sec4){ref-type="sec"}.

2. Materials and methods {#sec2}
========================

2.1. Carbon Xerogel synthesized method {#sec2.1}
--------------------------------------

In order to synthesize Carbon Xerogel, we add Resorcinol (99%, Merck KGaA, Germany) with the 2:1 molar ratio to the Formaldehyde solution (37%, Merck KGaA, Germany). We then mix the two with a magnetic stirrer and add the catalyst to speed up the interconnectivity of the primary particles. The amount of the catalyst are measured, in most studies, with the Resorcinol to Catalyst molar ratio (R/C) with a wide range varying from 50 to more than 3000 \[[@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26]\]. In some studies, this amount is measured based on the pH of the initial Resorcinol-Formaldehyde-Catalyst (RFC) solution \[[@bib19], [@bib20]\]. Since our objective is to investigate the effect of the type and the amount of the catalyst on the final capacitance of our synthesized Carbon Xerogel sample, we use the latter method of measurement based on pH and compare the results for two different types of catalysts: NaOH and Na~2~CO~3~.

To synthesize the initial Carbon gel, the obtained RFC solution must be treated thermally (the so-called gelation stage). There are various proposed timing and temperature range for this stage, but common among all is that temperature rises gradually from the room to the gelation temperature. The RFC solution is then kept under the constant gelation temperature for 2--5 days for the gel to fully form. Here, we follow Saliger et al [@bib27] and keep the RFC solution at the room temperature for 24 hours, followed by another 24 hours at 50 °C, and finally for 72 hours at 90 °C.

The next step is to remove liquid from the structure (the drying stage). This is a very important stage in the synthesizing of the Carbon gel because porosity, size of the pores, specific surface area, and capacitance of the final sample are highly sensitive to how water is extracted from the initial gel. A major challenge here is the fact that the surface tension upon evaporation can break the Carbon gel structure. This can result in a major shrinkage of the gel and hence can significantly affect (negatively) desired properties of our Carbon gel. This has inspired variety of drying methods. The most important and widely used drying methods that have minimum negative impact on aforementioned desired properties are supercritical drying \[[@bib28], [@bib29], [@bib30], [@bib31], [@bib32]\] and freeze drying \[[@bib21], [@bib30], [@bib33], [@bib34]\]. The resulting Carbon gel from each method is called, respectively, a Carbon Aerogel and a Carbon Cryogel. Both supercritical and freeze drying methods need specialized and expensive apparatus. This has motivated an extensive research on the (cheaper and simpler) ambient-pressure drying method whose outcome is called Carbon Xerogel. Clearly, the reduced cost and complexity comes at the expense of reduced quality of the final Carbon gel.

In an ambient-pressure drying method, the water is usually exchanged with another liquid with a lower surface tension, such as Acetone. To do so, the wet Carbon gel is submerged in an Acetone container for 24 hours. During this period, Acetone in the container is changed with pure Acetone at least two times. This is to make sure that Acetone has fully replaced all water particles in the Carbon gel structure. We then place the wet Carbon gel at the ambient pressure and temperature for 24 hours for the Acetone particles to evaporate. It is important that the evaporation occur at a gradual pace, and therefore we put the sample inside a container with a small outlet to the air in order to control the rate of evaporation.

The final stage of Carbon Xerogel synthesis is the so-called Pyrolysis. In this stage, the dried Carbon gel is put inside a controlled atmosphere heat treatment furnace at the Pyrolysis temperature. We use Argon as the flowing gas in order to prevent oxidation and burning of the Carbon. Suggested Pyrolysis temperature and duration is respectively from 600 °C to 1200 °C and from 1 to 5 hours \[[@bib13], [@bib35], [@bib36], [@bib37], [@bib38], [@bib39]\]. We set the Pyrolysis time to 3 hours, and the varied the temperature from 600 °C to 900 °C. To avoid temperature shock to our sample, the furnace temperature is first gradually raised from the ambient temperature (25 °C) to 300 °C over a 30-minute period, and then to 600 °C over an additional 45-minute. For the tests that require Pyrolysis temperatures higher than 600 °C, the increase rate in the temperature beyond 600 °C is set at 5°C/minute. Finally, the Carbon gel is kept at the desired temperature of the test for 3 hours. The flow of the Argon continues until our gel is cooled down.

2.2. Parameters affecting Carbon Xerogel characteristics {#sec2.2}
--------------------------------------------------------

There are several parameters that can be tuned during the synthesis of Carbon Xerogel. Some of which can significantly affect the quality of the final gel. These include Resorcinol to Formaldehyde molar ratio, catalyst type, Resorcinol to Catalyst molar ratio (R/C), pH of the initial RFC solution, reactant to liquid mass ratio, gelation time, gelation temperature, drying method, solvent exchanging, pyrolysis temperature, and the pyrolysis time. Past studies have shown that considerable impact on the final gel properties mainly comes from the pH of the initial RFC solution, reactant to liquid ratio, and pyrolysis temperature \[[@bib8], [@bib13], [@bib16], [@bib19], [@bib22], [@bib23], [@bib40]\]. Therefore, in this study, we consider these three parameters within the range that is widely used in the literature (see [Table 1](#tbl1){ref-type="table"}).Table 1Main parameters affecting the properties of synthesized Carbon Xerogel.Table 1VariablesSymbolExperimental rangeCoded valuesActual valuespH of initial RFC solution[a](#tbl1fna){ref-type="table-fn"}pH−1, 0, 15.5, 6.25, 7.0Reactant to liquid mass ratio (%)R/L−1, 0, 130, 40, 50Pyrolysis temperature (°C)PT−1, 0, 1600, 750, 900[^1]

2.3. Experimental design for Response Surface Methodology (RSM) {#sec2.3}
---------------------------------------------------------------

The RSM method requires a set of experimental data to obtain an optimum full-quadratic model. There are different "experiment design" methodologies proposed for RSM, among which, Box-Behnken Design (BBD) is more suitable for our purpose that has a limited range of parameter variations. We consider three levels of each of relevant parameters (i.e. pH, R/L and PT) in actual and coded values ([Table 1](#tbl1){ref-type="table"}), and the BBD (with three centerpoint runs) gives us a set of 15 required experiments ([Table 2](#tbl2){ref-type="table"}, first eight columns from left). Once results of these experiments are at hand, RMS gives the following full quadratic model ([Eq. (1)](#fd1){ref-type="disp-formula"})$$Y = \beta_{0} + \sum\limits_{i = 1}^{k}{\beta_{i}X_{i}} + \sum\limits_{i = 1}^{k}{\beta_{ii}X_{i}^{2}} + \sum\limits_{i = 1}^{k - 1}{\sum\limits_{j = i + 1}^{k}{\beta_{ij}X_{i}X_{j}}} + \varepsilon\text{,}$$in which $\text{k}$ is the number of variables (here $\text{k}$ = 3), $\text{β}_{0}$ intercept constant or constant term of the equation, $\text{X}_{\text{i}}$ independent variables (i.e. our parameters), $\text{Y}$ is the response (here the density and the capacitance), $\text{β}_{\text{i}}$, $\text{β}_{\text{ii}}$ and $\text{β}_{\text{ij}}$ are respectively coefficients of linear, quadratic and interaction parameters, and $\text{ε}$ is the residual associate to the experiment. This model gives us a quantitative insight on the effect of each variable and their mutual interactions on the target response.Table 2Set of experiments in coded and actual values format based on Box-Behnken design.Table 2Standard orderRun orderVariablesResponsesX1X2X3Y1Y2pHR/LPTDensityCapacitanceCodedActual valueCodedActual valueCodedActual valueg/cm^3^F/g14106.2504007500.52930.3952−15.50040−16000.6020.622317.00−13007500.95812.1934−15.5015007500.75022.446517.00040−16000.9894.789606.25−130−16000.4379.0913706.2504007500.55231.048817.0004019001.2453.8315906.2504007500.48334.96101006.25150−16000.75713.35121106.2515019000.81921.79712−15.5004019000.62925.1341317.0015007500.79629.45114−15.50−13007500.25531.63111506.25−13019000.55220.63

2.4. Evaluation of electrochemical properties of synthesized electrode {#sec2.4}
----------------------------------------------------------------------

Capacitance of a sample is an important measure of its electrochemical properties. There are different methods to experimentally measure the capacitance of an electrode, e.g. Cyclic Voltammetry (CV), Electrochemical Impedance Electroscopy (EIS) and Chronopotentiometry \[[@bib41], [@bib42], [@bib43], [@bib44]\]. Here, we use Cyclic Voltammetry as is commonly used by many researchers \[[@bib8], [@bib25], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49]\].

In three-electrode Cyclic Voltammetry (CV) a voltage is established between a working electrode (here our Carbon Xerogel electrode) and a reference electrode. The current is then measured by a third electrode, which is called the counter electrode. The capacitance is then determined via [Eq. (2)](#fd2){ref-type="disp-formula"}:$$C = \frac{1}{2\Delta V}\left( {Q_{a} + Q_{c}} \right)\text{,}$$where $\Delta\text{V}$ is the voltage range in the CV test, and $\text{Q}_{\text{a}}$ and $\text{Q}_{\text{c}}$ are respectively anodic and cathodic electrode charges given by [Eq. (3)](#fd3){ref-type="disp-formula"}:$$\text{Q} = {\int{\text{I}\ \text{dt}}} = {\int\left\lbrack {\text{I}\left( \text{v} \right)\text{dv}\  \times \ \frac{\text{dt}}{\text{dv}}} \right\rbrack} = \frac{\int{I\left( v \right)dv}}{\frac{dv}{dt}} = \frac{\int{I\left( v \right)dv}}{r}\text{,}$$in which $\text{I}$ is the measured current and $\text{r} = \frac{\text{dv}}{\text{dt}}$ is the voltage scan rate. Note that $\int{\text{I}\left( \text{v} \right)dv}$ is the area under the current vs voltage curve, which is called the CV curve. In order to be able to compare capacitance of different electrodes we need to normalize the capacitance of each electrode to its mass $\left( \text{m} \right)$. The outcome is called *mass specific capacitance* or in brief *specific capacitance* ([Eq. (4)](#fd4){ref-type="disp-formula"}).$$C = \frac{\int{I\left( v \right)dv}}{2mr\Delta V}\text{.}$$

Here, we use a potentiostat (μAutolabIII, Metrohm, Netherland) for our cyclic voltammetry tests with a Platinum wire as the counter electrode. We measure the Capacitance within the potential range of −0.4--0.6 V (vs Ag/AgCl) at the scan rate of 10 mV/s in 0.5M NaCl aqueous solution as the electrolyte.

The Scanning Electron Microscope (SEM) images are also used to visualize the morphology of synthesized electrodes, and to evaluate the effect of pore size and distribution on the final capacitance.

2.5. pH adjustment of the initial RFC solution {#sec2.5}
----------------------------------------------

As discussed before, one of the three major parameters affecting the electrode properties is the pH of the initial RFC solution. When Resorcinol is added to a 37% Formaldehyde solution with a 2:1 molar ratio, the pH of the obtained solution is in the range of 3.6--3.9 according to different Reactant to Liquid ratios (R/L). This pH is increased (i.e. acidity decreases) when a alkaline catalyst is added to the solution. Since the volume of our initial RFC sample is small (20 ml), adding even a miniscule of catalyst can result in a dramatic change in the pH and therefore targeting a specific pH will be very difficult. To address this issue we add different volumes of diluted catalyst solution (0.03M) to our Resorcinol-Formaldehyde solution and measure the pH. We then plot the final pH versus the volume of the diluted catalyst solution (the so-called *a pH standard curve*). Using these curves, we can find precisely the required volume of the catalyst solution to obtain a specific pH.

3. Results and discussion {#sec3}
=========================

3.1. pH standard curves {#sec3.1}
-----------------------

Results of our experiment quantify the variation of the pH of the initial RFC solution as a function of the volume of 0.03M catalyst solution for different R/L ratios, as is shown in [Fig. 1](#fig1){ref-type="fig"}. From the curves of [Fig. 1](#fig1){ref-type="fig"} (the pH standard curves) one can determine the required NaOH catalyst solution for obtaining a specific desired pH.Fig. 1pH standard curves for calculating the amount of catalyst (NaOH 0.03 M) needed to achieve the desired pH for initial RFC solution.Fig. 1

Here, we would like to comment that some prior studies have used R/C ratio as a measure of amount of the catalyst \[[@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26]\]. However, it is important to note that when dealing with different catalysts in preparing of the initial RFC solution, the relationship between the R/C ratio and the pH of the solution are different depending on the catalyst type. We show this relationship between pH and amount of the catalyst (mmole) for different catalysts (NaOH and Na~2~CO~3~) and different R/L ratios (R/L = 0.3, 0.4, and 0.5) in [Fig. 2](#fig2){ref-type="fig"}. In some cases, the difference in the pH due to the same amount of catalyst can be as large as 15 percent (see [Fig. 1](#fig1){ref-type="fig"}(c) for R/L = 50% & C = 0.03 mmole, pH = 4.5 & 5.25 for different catalysts).Fig. 2pH comparison of RFC solution with NaOH vs Na~2~CO~3~ catalyst: (a) R/L = 30%; (b) R/L = 40%; (c) R/L = 50%. (Equal R/C ratio for different catalysts results different pH, therefore if the pH of initial RFC solution is the main affecting parameter, using R/C ratio is not a proper choice).Fig. 2

3.2. Density minimization of Carbon Xerogel using Response Surface Methodology (RSM) {#sec3.2}
------------------------------------------------------------------------------------

We conduct the required 15 experiments as designed by BBD method, and as the first response measure the density of final samples. Using RSM, we can then fit the optimum 2^nd^ order algebraic equation to our results. The resulted equations for the coded and actual value of variables are presented respectively in Eqs. [(5)](#fd5){ref-type="disp-formula"} and [(6)](#fd6){ref-type="disp-formula"}.$$\ln\left( \text{Y} \right) = - 0.6523 + 0.3202\text{X}_{1} + 0.2299\text{X}_{2} + 0.0735\text{X}_{3} + 0.2276\text{X}_{1}^{2} - 0.0566\text{X}_{2}^{2} + 0.2339\text{X}_{3}^{2} - 0.3161\text{X}_{1}\text{X}_{2}\text{,}$$$$\ln\left( \text{Density} \right) = 5.60 - 2.944\ \text{pH} + 0.3317\ \text{R}/\text{L} - 0.0151\ \text{PT} + 0.4046{\ \text{pH}}^{2} - 0.000566{\ \left( \text{R}/\text{L} \right)}^{2} + 0.000010{\ \text{PT}}^{2} - 0.04214\ \text{pH} \times \text{R}/\text{L.}$$

To find the fitting quality of the above equations, we first consider the ANalysis Of VAriance (ANOVA) table. It turns out, as is shown in [Table 3](#tbl3){ref-type="table"}, that the P-value of our model is very small (\<0.001) which is an indication of significance of the obtained model. We then look at the values of R^2^ and adjusted R^2^ (see [Table 3](#tbl3){ref-type="table"}) which are both very close to unity and serve as another positive indication of the fitting quality of our model. To check the model adequacy, we calculate the lack-of-fit parameter. In our results, the F-value of the lack-of-fit is 0.88, which is very much less than the (critical) maximum value of 4, and the P-value is 0.608 which is higher than the (critical) minimum value of 0.05. These show that the lack-of-fit of our model is insignificant and that our model has an acceptable adequacy.Table 3ANOVA table of RSM represented model for Density.Table 3SourceDF[a](#tbl3fna){ref-type="table-fn"}Adj SS[b](#tbl3fnb){ref-type="table-fn"}Adj MS[c](#tbl3fnc){ref-type="table-fn"}F-valueP-valueModel72.081060.29729469.95\<0.001 Linear31.286430.428811100.89\<0.001 pH10.820440.820441193.03\<0.001 R/L10.42280.42279899.47\<0.001 PT10.043190.04319410.160.015 Square30.395040.13168230.98\<0.001 pH × pH10.191210.19120544.99\<0.001 R/L × R/L10.011840.0118412.790.139 PT × PT10.201950.20194547.51\<0.001 2-Way Interaction10.399580.39958294.01\<0.001 pH × R/L10.399580.39958294.01\<0.001Error70.029750.00425 Lack-of-fit50.020460.0040920.880.608 Pure error20.00930.004648Total142.11081R^2^0.9859Adjusted R^2^0.9718[^2][^3][^4]

A final test for the accuracy of our model is the investigation of the residuals. We lay out normal probability plot and frequency versus residual respectively in [Fig. 3](#fig3){ref-type="fig"}(a) and (b). Near linear dependence of percent to residual and a bell-shaped frequency histogram shows that our residual has a normal distribution. We also plot residual as a function of the fitted value ([Fig. 3](#fig3){ref-type="fig"}(c)), and observation order ([Fig. 3](#fig3){ref-type="fig"}(d)). For a good quality fitting, both plots need to be random and not following any specific pattern. This is in fact seen in both plots and therefore our model successfully passes this last test.Fig. 3Statistical graphs for evaluation of RSM full quadratic fitted model of Carbon Xerogel density: (a) Normal probability plot; (b) frequency versus residual plot; (c) residual versus fitted values plot and (d) residual versus observation order plot.Fig. 3

Now that our model is carefully checked for accuracy and quality of fitting, we plot response surfaces in order to investigate the effect of each of pH, R/L and PT on the density ([Fig. 4](#fig4){ref-type="fig"}, note that since there are three parameters affecting the density, we need to plot three separate surfaces). As [Fig. 4](#fig4){ref-type="fig"}(a) shows, decrease in the pH or R/L results in the decrease in density. For a given pH or R/L, the lowest density which is correspond to the highest porosity is obtained in the middle of the chosen range for PT (i.e. the minimum density is obtained for a 600 \< PT~cr~ \< 900; [Fig. 4](#fig4){ref-type="fig"}(b) and (c)).Fig. 4Surface plots of target density versus different variables: (a) pH and R/L (hold value: PT = 750); (b) pH and PT (hold value: R/L = 40) and (c) R/L and PT (hold value: pH = 6.25).Fig. 4

The global minimum of density for the chosen range is $\rho = 0.26$ g/cm^3^ which is obtained for pH = 5.5, R/L = 30% and PT = 727.3 (see [Fig. 5](#fig5){ref-type="fig"}). This global minimum is less sensitive to PT when compared to the effect of pH and R/L as can be seen from the slope of the optimization curves in [Fig. 5](#fig5){ref-type="fig"}. For verification of these findings, we run an experiment (repeated three times) with the optimum values of pH, R/L and PT reported above. The density we obtained is within 4% of the theoretical density reported above.Fig. 5Optimization plots for minimizing the density of final Carbon Xerogel catalyzed by NaOH: a) Density vs pH, b) Density vs R/L and c) Density vs PT.Fig. 5

The optimum density we arrived at (i.e. $\rho = 0.26$) is quite competitive with the density of Carbon gels synthesized via other methods reported in the literature. For instance, Jung et al. obtained a density of $\rho = 0.5$ g/cm^3^ with the typical drying method at the ambient pressure and temperature [@bib11], or Fu et al. obtained an optimum density of $\rho = 0.23$ g/cm^3^ through supercritical drying in Isopropanol [@bib50].

Positive slopes of the curve of density vs pH and R/L at the minimum values of pH and R/L suggests that with an even smaller values of pH and R/L a lower density may be achieved. This is not correct, because if R/L drops below 30%, the amount of reactants in the sample is too low for any gel structure to form. If pH drops below 5.5, the added catalyst to the initial RFC solution is very low and as a result curing or gelation time will be very long and therefore the production of Carbon Xerogel is not economic and hence unjustifiable.

3.3. Capacitance maximization of Carbon Xerogel using Response Surface Methodology (RSM) {#sec3.3}
----------------------------------------------------------------------------------------

It is expected that the optimum synthesized sample with the minimum density (i.e. maximum porosity) has the maximum capacitance. To experimentally verify this, we measure the capacitance of each of our 15 samples via Cyclic Voltammetry method. Values of the capacitance of the samples are provided in [Table 2](#tbl2){ref-type="table"}. We again use the RSM to find the best fitted model for the capacitance vs our three parameters of pH, R/L and PT given in coded and actual values as Eqs. [(7)](#fd7){ref-type="disp-formula"} and [(8)](#fd8){ref-type="disp-formula"} respectively.$$\text{Y} = 31.955 - 3.695\text{X}_{1} + 1.685\text{X}_{2} + 5.443\text{X}_{3} - 7.894\text{X}_{1}^{2} - 15.606\text{X}_{3}^{2} + 6.611\text{X}_{1}\text{X}_{2} - 6.367\text{X}_{1}\text{X}_{3}\text{,}$$$$\text{Capacitance} = - 954.5 + 177.7\ \text{pH} + 5.340\ \text{R}/\text{L} + 1.4304\ \text{PT} - 14.03{\ \text{pH}}^{2} - 0.000694{\ \text{PT}}^{2} + 0.881\ \text{pH} \times \text{R}/\text{L} - 0.05659\ \text{pH} \times \text{PT.}$$

As before, we need to check the quality and adequacy of our model. Here, the P-value \< 0.001 and therefore the model is significant; R^2^ = 98.88 and adjusted R^2^ = 97.76 and therefore the model has a good fitting quality; and the lack-of-fit parameter has a P-value of 0.902 and F-value of 0.26 ([Table 4](#tbl4){ref-type="table"}) and therefore the lack-of-fit parameter is insignificant.Table 4ANOVA table of RSM represented model for Capacitance.Table 4SourceDF[a](#tbl4fna){ref-type="table-fn"}Adj SS[b](#tbl4fnb){ref-type="table-fn"}Adj MS[c](#tbl4fnc){ref-type="table-fn"}F-valueP-valueModel72.081060.29729469.95\<0.001 Linear3368.96122.98742.58\<0.001 pH1109.23109.22937.82\<0.001 R/L122.7322.7267.870.026 PT1237.01237.00582.05\<0.001 Square21076.19538.095186.29\<0.001 pH × pH1231.43231.42980.12\<0.001 R/L × R/L1904.64904.636313.19\<0.001 PT × PT2336.95168.47558.33\<0.001 2-Way interaction1174.8174.80460.52\<0.001 pH × R/L1162.15162.14756.14\<0.001Error720.222.888 Lack-of-fit57.991.5990.260.902 Pure error212.226.112Total141802.32R^2^0.9888Adjusted R^2^0.9776[^5][^6][^7]

Normal probability plot of residuals and histogram of frequency is shown respectively in [Fig. 6](#fig6){ref-type="fig"}(a) and (b). These two show that the residuals follow a normal distribution. We also plot residuals vs fitted values ([Fig. 6](#fig6){ref-type="fig"}(c)) and residuals as a function of observation order ([Fig. 6](#fig6){ref-type="fig"}(d)). Randomness of the data in these two plots show that the model fits the data well and the test sequence of experiments has no effect on the results.Fig. 6Statistical graphs for evaluation of RSM full quadratic fitted model of Carbon Xerogel capacitance: (a) Normal probability plot; (b) frequency versus residual plot; (c) residual versus fitted values plot and (d) residual versus observation order plot.Fig. 6

Response surface curves for the target parameter (i.e. capacitance) show that for a high pH, an increase in R/L enhances the capacitance ([Fig. 7](#fig7){ref-type="fig"}(a)). This trend is reversed for low values of pH. As suggested by [Fig. 7](#fig7){ref-type="fig"}(c), for a moderate pH, R/L and PT are nearly independent.Fig. 7Surface plots of target capacitance versus different variables: (a) pH and R/L (hold value: PT = 750); (b) pH and PT (hold value: R/L = 40) and (c) R/L and PT (hold value: pH = 6.25).Fig. 7

The optimum capacitance is obtained for an optimal values of pH and PT within the chosen domain (the optimal pH value is close to the beginning of the domain), and for an optimal value of R/L which is at the boundary (minimum) of the selected domain ([Fig. 7](#fig7){ref-type="fig"}). These can be seen clearly in optimization plots of [Fig. 8](#fig8){ref-type="fig"}. Slopes of these curves suggest that the capacitance is a strong function of pH and PT, while it is not very much affected by the R/L. In other words, the capacitance is sensitive to pH and PT, but not very much to R/L. The maximum capacitance predicted by RSM is 35.3 F/g, obtained for optimal values of pH = 5.7, R/L = 30% and PT = 800. We then experimentally synthesize a sample with these optimal values and measured the capacitance of the obtained sample which shows the value of 37.6 F/g. The slope of the capacitance vs R/L curve is negative at the beginning of the domain, which suggests that for lower values of R/L a higher capacitance can be obtained. But as discussed before, for lower R/L ratios, gel cannot structurally formed. In other words, we practically do not get any gels for lower ratios of R/L. Closeness of the optimal values for maximizing the capacitance (pH = 5.7, R/L = 30%, PT = 800) and optimal values for minimizing the density (pH = 5.5, R/L = 30%, PT = 730) supports our hypothesis of the effect of porosity on the capacitance.Fig. 8Optimization plots for maximizing the capacitance of final Carbon Xerogel catalyzed by NaOH: a) Capacitance vs pH, b) Capacitance vs R/L and c) Capacitance vs PT.Fig. 8

It is to be noted that higher ion absorption is correlated with higher porosity under the condition that the solution can permeate throughout our sample. In other words, contribution of porosity of an electrode is very little if inner pores are not connected to the surface of the electrode. In this case clearly the solution cannot get into inner pores and therefore inner pores do not play any role in the ion absorption. In an ideal case, we expect the nano-size inner pores to be connected to the surface of our electrode via micro-size channels (connected micro-pores). Therefore, the distribution of pore sizes and their connectivity are also important to achieve the maximum gravimetric capacitance.

The size and distribution of pores in our optimized Carbon Xerogel is shown in [Fig. 9](#fig9){ref-type="fig"} through SEM images. As shown in these images, the final electrode has a uniform structure and the combination of Micro- and Nano-sized pores provides a very good condition for its ion adsorption capacitance (electrochemical capacitance).Fig. 9The SEM images of our final optimized Carbon Xerogel in different zoom levels: a) 2500×, b) 5000×, c) 10000× and d) 20000×.Fig. 9

Finally, we would like to comment on the effect of the catalyst on the capacitance of the final Carbon Xerogel. To do so, we compare the results of the synthesis with NaOH versus Na~2~CO~3~ as the catalyst under otherwise similar conditions (Figs. [8](#fig8){ref-type="fig"} and [10](#fig10){ref-type="fig"}). Traditionally, and as discussed before, some researchers believed that, only the pH of the initial RFC (and not the catalyst type) is the main factor influencing the capacitance \[[@bib19], [@bib20]\]. However, comparing optimization curves for Carbon Xerogel synthesized with NaOH and Na~2~CO~3~ catalysts, it is clearly seen that with the same pH, extremely different capacitances are obtained. Specifically, in our experiment and under a chosen set of parameters: pH = 5.5, R/L = 30% and PT = 750 °C, NaOH catalyst gives a capacitance of 31.63 F/g and Na~2~CO~3~ leads to a capacitance of 6.49 F/g. A further investigation of different catalysts release that the highest capacitance with NaOH as the catalyst is obtained at pH = 5.7 and is equal to 37.6 F/g, and with Na~2~CO~3~ is obtained at pH = 6.25 and is equal to 42.3 F/g. As it can be seen from the optimization curves, the effect of R/L and PT on the capacitance follows a similar trend (Figs. [8](#fig8){ref-type="fig"} and [10](#fig10){ref-type="fig"}).Fig. 10Optimization plots for maximizing the capacitance of final Carbon Xerogel catalyzed by Na~2~CO~3~: a) Capacitance vs pH, b) Capacitance vs R/L and c) Capacitance vs PT [@bib51].Fig. 10

4. Conclusions {#sec4}
==============

In this study, we use a multi-parameter optimization to maximize the capacitance of Carbon Xerogel. The objective is to enhance the performance of Carbon Xerogel while maintaining its simple and economic synthesis process, hence the low production cost. We consider the effect of pH, R/L (Reactance to Liquid mass ratio) and PT (Pyrolysis Temperature), which are the most important parameters, on the capacitance and density of the final Carbon Xerogel, and as the catalyst, we select NaOH which is widely available. Through an optimization via Response Surface Methodology (RSM), we showed that with pH = 5.5, R/L = 30% and PT = 730, a Carbon Xerogel with the minimum density of 0.26 g/cm^3^; and with pH = 5.7, R/L = 30% and PT = 800, a Carbon Xerogel with a maximum capacitance of 37.6 F/g is obtained. Closeness of optimal values of pH, R/L and PT for the minimum density and maximum capacitance supports the hypothesis that porosity is correlated with the gravimetric capacitance. We also showed that -- contrary to what is suggested in some literature- even with the same pH, the type of the catalyst can significantly affect the final capacitance of the Carbon Xerogel. Specifically, here we considered and compared similar samples at the same initial pH, but with NaOH and Na~2~CO~3~ as the catalyst and showed that an extremely difference of about 80% in capacitance is resulted. The maximum capacitance with NaOH/Na~2~CO~3~ as the catalyst is obtained at pH = 5.7/pH = 6.25 and is equal to c = 37.6/c = 42.3 F/g. It is hoped that our results paves the path for a more economic and with higher performance electrode production particularly for supercapacitors and CDI system.
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